Studies on bacteriophage interaction. by Shaw, P.-C. (Pang-Chui) & Chinese University of Hong Kong Graduate School. Division of Biology.
Studies on Bacteriophage Interaction
by
Pang-chui SHAW
Thesis submitted as partial fulfillment for the




The Chinese University of Hong Kong

Thesis Committee
Dr. K.K. Mark (Supervisor and Chairman)
Professor L.B. Thrower (Internal Examiner)
Dr. K.Y. Chan (Internal Examiner)
Professor F. W. Studier (External Examiner)
ACKNOWLEDGEMENTS
I wish to express my deepest gratitude to my
supervisor Dr. Kai-Keung Mark, His guidance and
encouragement since I was a sophomore and his training
me to be confident and independent would never be
forgotten. His patience in revising this thesis is
highly appreciated.
My sincere gratitude is also due to Professor C. Y.
Chao and Mr. L. Y. Sung who give me encouragement through-
out the entire period of my study. Mr. Sung also provided
me important references inaccessible in Hong Kong from
the University of California, Los Angeles.
I am also indebted to members of my Thesis Commit-tee:
Professor F.W. Studier, Professor L.B. Thrower and Dr. K.Y.
Chan for their valuable suggestions and criticisms.
I am grateful to Professor F.W. Studier, Professor E.
P. Geiduschek and Dr. L. Synder for their gifts of bacteria
and bacteriophage strains.
The technical assistances and discussions offered
by Mr. C.Y. Yu, Miss L.C. Wu, Mr. K.C. Chow and Mr. W.C
Chan are gratefully acknowledged. Mr. Yu is also
benevolent to share the bacteria and T4 bacteriophage
strains obtained from Professor E.P. Geiduschek and
Dr. L. Synder.
The typing of this thesis is performed by Mrs. Amy
Shea to whom I am very grateful.
Lastly, it there is any glory, i want to devote
it to my beloved Sheila. Her revision on the manuscript
makes it more lively and her support enables me to
complete this piece of work.
CONTENTS
PART I
1. Review article: Exclusion interaction between
two bacteriophages 1- 22
2. Purpose of study 23- 24
3. Abstract of thesis 25- 26
PART II
Exclusion interaction between bacteriophage T7 and
bacteriophage lambda 27- 45
PART III
Depression of bacteriophage T7 early and late gene
expression upon bacteriophage T4 superinfection 46- 85
PART IV
An improvement on labelled messenger RNA preparation




EXCLUSION INTERACTION BETWEEN TWO BACTERIOPHAGES
1INTRODUCTION
Similar to a psychologist who is enthusiastic in
studying the interaction between two human beings upon
confrontation, a virologist is keen in investigating
the fate of two bacteriophages upon coinfecting a
bacterium.
The work on bacteriophage exclusion may be traced
back to the early days of bacteriophage research. Adams 's
'Bacteriophages' which was written in 1959 has provided
an excellent reviewing chapter on this topic. This
pioneer work was accomplished mainly through the study
of T-series phages. It has been established that when
two phages are mixedly infected a host one of the
following consequences may result:-
1. Only one kind of phage is liberated (Delbrack
and Luria, 1942 DelbrYAck, 1945a).
2. Two kinds of phages are liberated (Delbr ick,
1945b Delbrtck and Bailey, 1946).
3. New types of phages exhibit genetic recom-
binations of the infecting types are
liberated (DelbrOck and Bailey, 1946).
2The outcome of mixed infection depends on the
relationship between the two infecting phages (Adams,
1959). The phage relationship is defined through
1. serological behaviour
2. size and morphology
3. latent period
4. susceptibility to chemicals
5. protein types
6. genome homology
This review would be too tedious to mention all
the phages studied throughout these years. Therefore
the following report will focus on the well-studied
'conventional' phages such as the T-series phages and
the Lambda phage.
According to the definition of phage relationship,
(Fig. 1), Tl (Fig. 2), T5 (Fig. 3) are three unrelated
species. T3 and T7 (Fig. 4) are related. T2, T4 and T6
(Fig. 5a, b and c) make up another related group.
According to their relationship, the following discussion
is divided into four sections:
1. Exclusion between unrelated phages,
2. Exclusion involving -lysogen,
33. Exclusion between related phages, and
4. Exclusion between identical phages.
Among these phages, , Ti may be called weak
phages since they use E. coli RNA polymerase in making
the'if RNA and do not stop the host's RNA synthesis.
(Sly et al., 1965 Male and Christensen, 1970). T3 and
T7 may be called strong phages because they produce
their own RNA polymerase after entering the host. T3
and T7 can also break down the host's DNA and stop the
host's RNA synthesis (Studier, 1969 Studier, 1972
Beier and Hausmann, 1973 Ponta et al. 1974 Studier and Dunn,
to besubmitted). T2 T4 and T6 is another strong group. They
modify the host RNA polymerase for their use (Rabussay
and Geiduschek, 1977), shut the macromolecular synthesis
of the host and break these molecules down after
infection (Koerner and Snustad, 1979). T5 may be
classified as a strong phage as it works in a manner
similar to T-even phages, although its regulation
pattern is less complicated (McCorquodale and Buchanan,
1968 McCorquodale, 1975).
4I. EXCLUSION BETWEEN UNRELATED PHAGES
A. Weak against strong
The first clear-cut experiment of this type
was performed by Delbrack and Luria (1942). Their
work involved phage Ti against T2. E. coli B was -infect-
ed with Ti and T2 simultaneously and their one-
step growth patterns were studied. It was found
that the mixedly infected bacteria liberate only
T2. Exclusion occurs after phages has adsorbed to
the host. Also, the increase of Ti and T2 phage
particles always occur after their characteristic
latent period indicating that one bacterium does not
liberate both phages. This phenomenon is termed
mutual exclusion.
When phage Tl is given a head start of six
minutes before addition of T2 at 37°C, it can
compete with T2 on an equal basis. In another
experiment (Delbrttck, 1945b), it was found that
in the mixed infection, the phage which does not
grow can nevertheless reduce the yield of the phage
which grows. This is termed depressor effect.
DelbrQck's work brings out the concept of
mutual exclusion and depressor effect. However,
5no satisfactory mechanism was established by that
time. These phenomena are made clear only after
the genetic background of the phages has been
established.
A last point to stress is that though the
genetic structure of T2 has been revealed for years
since Delbrdck's discovery, the mystery of the
exclusion of Tl by T2 is still unsolved.
Another instance of the exclusion of weak ph age-
by strong phage was worked out by Hayward and Green
(1965). They found out that mRNA synthesis is
inhibited when X induced cell is superinfected by T4.
This inhibition is due to T4 early protein synthesis
as when chloramphenicol is added before T4 superinfection,
?mRNA synthesis is not affected. Pearson and Snyder
(1980) found that T4 alc product is responsible for
the shutoff of N late expression. T4 alc possesses
the function of unfolding the host nucleoid (Sirotkin
et al., 1977, Tigges et al., 1977). Therefore it
may remove the supercoiling of late DNA and hence
stops its transcription.
B. Strong against strong
A good example of this kind is the mixed
6infection of T4 and T7. Loewen et al, (1979) found
that coinfection of T4 and T7 results in the
exclusion of T7. T7 exerts maximal exclusion power
on T4 when it infects the host five or more minutes
before T4 at 30°C. The exclusion may be due to T7
gene 1 which codes for T7 specific RNA polymerase
(Chamberlin et al., 1970). It is likely that the
T7 RNA polymerase may block T4 transcription by
binding to certain T4 promoters. In the exclusion
process, there is little T4 DNA degradation (Loewen
et al., 1979), hence T7 cannot take up the phosphate
from T4 DNA (French et al., 1952)
C. Weak against weak
Geiman et al.(1974) reported that when cells
are superinfected with Tl after prophage induction,
exclusion of one of the two phages is the usual rule.
Early superinfection with Tl. favours the production
of Ti infectious center, whereas later superinfection
of T1 favours . However, mixed bursts with a range
between 5 and 15% do occur. No Tl gene can be found
to be responsible for the exclusion of . On the
other hand, can exclude Tl by two mechanisms,
'early' and 'late' (Christensen et al., 1978). The
early exclusion is due to the N gene product which
acts at a Tl promoter. Later exclusion is due to a
direct or indirect effect of Q function.
7In short, mixed infection of two unrelated
phages always result in mutual exclusion and
depressor effect. In the exclusion process, one
phage produces a gene product to interact with
the DNA or promotor of the other phage.
8II. EXCLUSION INVOLVING LYSOGEN
In lysogenic cycle, DNA incorporates into its
host's genome and forms the prophage. The host is
known as-lysogen. Besides int gene functions to
promote site-specific recombination between and
bacterial insertion sites, only cI and rex genes in the
prophage express (Herskowitz and Hagen, 1930). In E.
coli strain lysogenic for, growth of superinfecting
lambdoid phages and hybrids such as 21, 434, 80, imm
21, imm 434 and imm P22 is governed solely by immunity,
i.e. the cI gene product (reviewed in A.D. Hershey, ed.
1971
-lysogen can support the growth of wild phages in
the T-series. However, some mutants have been isolated
which are restricted on a rex+ lysogen. Among them are
T4 rII (Howard, 1967), T51 (Jacqu.emin-Sablon and Lanni,
1973 Jacquemin-Sablon, 1979) and T7 rbl (Pao and Speyer,
mutation
1975). Both T4rII and T7rbl genes suppress phage ligase
mutation. T51 lies in T5 gene 1 which is needed for the
breakdown of host DNA. Therefore a reasonable hypothesis
is that all these genes contain a nuclease or nuclease-
related activity. rex protein may be an antagonist of
nuclease which prevents the occurrence of certain DNA
breaks. The breaks may be essential for the development
9of these phages. This role of N rex product is likely
since rex+ lysogens are partially protected from DNA
breakdown induced by colicin action (Saxe, 1974).
rex+ prophage carries an altered cI gene, cI
temperature sensitive or ci amber mutation, has been
found to exclude lambdoid phages lacking red or ren
function (Toothman. and Herskowitz, 1930a Toothman
and Herskowitz, 1930b). cI mutations result in an
increase in rex activity to a point sufficient for
inhibition of lambdoid phages. The function of red
is to promote general recombination and to aid the
late mode of N DNA replication (Echols and Gingery,
1968 Radding, 1970 Stahl et al., 1978). Ren may
concern with DNA metabolism as it lies between 0 and
Pgenes (Toothman and Herskowitz, 1980b). Toothman
and Herskowitz (1980c) suggested that rex alters
bacterial membrane function and results in exclusion.
Besides the exclusion phenomenon, when -lysogen is
infected by Ti, Ti is able to pack and transduce in a
rate from 10-4 to 10-7 depending on various physical and
genetic factors of the prophage (Drexler and Christensen,
1979). Also, when Tl infects rex+ , lysogens, lysis is
premature and burst sizes of Tl are small (Christensen
and Geiman, 1973). The mechanism of rex action in this
case remains obscure.
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III. EXCLUSION BETWEEN RELATED PHAGES
A. T3 and T7
T3 and T7 are two closely related phages
(Beier and Hausmann, 1973, Kruger and Schroeder,
1981). Hirsch-Kauffmann, et al. (1976) reported
that one excludes another completely whenever T3
or T7 is infected three minutes earlier at 30°C.
The most effective gene of T7 for exclusion of T3
is gene 1 which codes for T7 RNA polymerase
(McAllister and Barrett, 1977). Similar 'to the
cases-of T7 excluding T4 (Loewen et al., 1979), the
T7 RNA polymerase may bind to certain T3 promotors
and interfere the latter' s transcription. The other
T7 gene which is responsible for T3 exclusion is
gene 0.3. This gene guards against the DNA restriction
system of the host (Studier, 1975). I t is interesting
to find that T7 0.3 mutant needs not to express its
other genes for the exclusion of T3 (Hirsch-Kauffmann
et al., 1976). They suggested that T7 gene 0. 3 may
either be a constituent or modifier of the viral coat.
McAllister and Barrett (1977) suggested that T7 gene
0.3 may affect the structure of phage DNA in such a
way as to assure the rapid and preferential expression
of progeny DNA during subsequent cycles of infection.
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B. T2 and T4
The other two closely related phages which have
been studied attentively are phage T2 and T4. They
have homology of more than 85% (Kim and Davidson,
1974), If T2 or T4 is infected one minute before
another at 37°C, the late coming phage is 50% excluded
(Dulbecco, 1952). This mechanism is similar to the
exclusion of a secondary T4 to the T4-infected cell,
hence the more detailed discussion is given in the
subsequent section.
In short, superinfection of two closely related
phages result in exclusion of the secondary infecting
phage.
Besides exclusion interaction occurs between
two related phages, when T3 and T7 or T2 and T4 coinfect
a host, recombination between their DNA and hybrid
phages formation will result. Beier et al. (1977)
reported that T3-T7 hybrid phages form in a low
recombination rate (about 1000 times less than in
corresponding crosses with homologous phages) due
to mutual exclusion and the non-homology between
the two DNAs. For T2 and T4 coinfection, it has
been found that certain T2 genes such as gene 32,
12
39, 56, 42, mgt and dam exist in a low frequency
among the T2-T4 hybrid. This kind of interaction-
exclusion within genes has been elaborately studied
(Pees, 1970 Pees and De Groot, 1970; Mahmood and
Lunt, 1972 Huskey, 1974 Pees and De Groot, 1975;
Okker and De Groot, 1978 Okker et al., 1981)
Nevertheless, the mechanism is still unclear.
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IV. EXCLUSION BETWEEN IDENTICAL PHAGES
When E. coli previously infected with phage T4 is
superinfected with T2 or T4, exclusion occurs within one
minute of the primary infection at 37°C (Dulbecco, 1952).
Anderson and Eigner (1971) observed that superinfecting
T4 are genetically excluded as efficiently from endo-
nuclease I hosts as they are from endonuclease I+ hosts.
Together with the finding from the high resolution auto-
radiography techniques (Anderson et al.,1971), they
proposed that DNA from superinfecting T-even, phages are
trapped within the cell envelope. This alternation of
cell membrane permeability to the superinfecting T4 is
found to belong to the immediately-early functions
induced by T4 (Yutsudo and Okamoto, 1973). Childs (1973)
claimed that this T4 immunity is due to the imm gene which
is located between gene 42 and 44. Superinfection of T4
also results in delayed lysis (Bode, 1967). This can
also account for the change in the cytoplasmic membrane
during superinfection.
Superinfection of T7 into the host already infected
by T7 leads to the exclusion of the late entering DNA.
Hirsch-Kauffmann et al. (1976) found that the mechanism
is similar to the exclusion of T3, i.e. T7 gene 0.3 is
involved and no gene expression is needed. The above
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deduction has been challenged as Benbasat et al. (1978)
reported that this exclusion can be overcome by pre-
incubation cells with chloramphenicol. Haarr et al.
(1981) reported that high m. o. i. of T7 infection alters
the cell membrane structure and results in lysis
inhibition. Recently, Karska-Wysocki et al. (1982)
found that alkylation of the primary infecting T7 phage
which delays and inhibits its protein synthesis can break-
down its exclusion power to the superinfecting T7.
Presumably, a T7 gene besides 0.3 may function for
exclusion purpose.
In short, superinfection exclusion of identical
phages, similar to the cases in unrelated phages, involves
gene action. In the case of T4, the gene product of the
primary infecting phage excludes its late comer by another
scheme to change the cell membrane structure and prevent
the entry of the secondary infecting DNA. The mechanism
of exclusion in T7 remains controversial.
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SUMMING UP
r rom the above illustrations, one can get the
impression that the methods used by different phages
in exclusion are highly diversified, just as different
human beings may react differently upon confrontation.
However, there are some common features in bacteriophage
exclusion that serve as guideline for further research.
They are summarised as follow:
1. Interaction occurs after phage adsorption.
2. During simultaneous infection of two phages:
a. For unrelated phages, mutual exclusion
and depressor effect occur. The exclusion
machinery acts directly on the excluded
phage DNA. The strong phage usually wins
in the competition.
b. For related phages, hybrid phages may form.
3. When one phage is added before another
a. Exclusion of the second phage usually
results.
b. Exclusion may be due to change of the host
membrane structure, or the exclusion
machinery acts directly on the supercoiling
DNA.
16
4. Different phages involve different genes
in exclusion.
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PURPOSE OF STUDY
The topic of bacteriophage interaction has aroused
the interest of virologists since the early days of
bacteriophage research. Through these studies, new
concepts were discovered to enrich the science of phage
genetics.
There are two main categories of bacteriophage
interaction: exclusion interaction and hybrid phage
formation. Exclusion interaction is the depression of
one phage by another within the same host. Depending
on the different relationship between two phages, the
following concepts are evolved: mutual exclusion, partial
exclusion, depressor effect and immunity etc. Many genes
e.g.) cI, ,rex, T4imm, T4rII, T51 and T7rbl etc. have been
found to participate in either immunity action or in some
ways for exclusion purpose. Genes concerned with the
polymerase functions and nucleic acid metabolism have also
been assigned new properties under exclusion studies.
In the mixed infection of two phages, the stronger
one has a higher chance to gain dominance. The strength
of a phage is related to its power to shut off the host's
macromolecular synthesis and to modify the machineries for
its gene expression.
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Among different phages, lambda, T4 and T7 have been
involved in various experiments for exclusion studies.
As pointed out in the review section, is a weak phage
while both T4 and T7 are strong phages. Therefore, in
most cases k is repressed by its mixedly infecting
competitor. On the other hand, T4 and T7 always get the
domination. Nevertheless, what happen to and T7 when
they coinfect a common host is not known. Also, although
Loewen et al. (1979) reported that T7 gene 1 is responsible
for the exclusion of T4, no work has been done on how T4
affects T7.
In my postgraduate research, I have worked on two
projects to fill up the above blanks. They are (1) the
exclusion interaction between and T7 and (2) T4 inter-
ference on T7 early and late gene expression.
Through these work, I am impressed by the
diversity in bacteriophacre interaction. Different
phages employ different genes and mechanisms for exclusion
purposes. My work leads to the clarification of some unknown
concepts concerning the exclusion interactions between these
phages. These findings may serve as specific examples for
future generalization work-in this diversified area.
25
ABSTRACT OF THESIS
In contrast to bacteriophage T7, bacteriophage
is a weak phage which uses E. coli RNA polymerase for
transcription and does not stop the host's nucleic acid
synthesis after infection. As expected, T7 dominates
drastically upon coinfection or even when T7 is super-
infected several minutes after\ infection. Nevertheless,
upon coinfection with ,T7 yield is somewhat depressed.
T7 gene 1 is found to relate to the exclusion
of . Probably, some other T7 non-genic factors are also
involved.-
Bacteriophage T4 and T7 are strong phages in the
sense that both of them can degrade the host nucleic acids
after infection. T4 can modify the host's transcriptional
machinery and T7 generates new RNA polymerase for its use.
I found that T7 early and late gene expression are
susceptible to the attack of 5-hydroxymethylcytosine-
containing or cytosine-containing T4 early gene functions.
Perhaps more than one T4 genes are involved in the depression
of T7. T4 gene alc which has been suggested to be a general
inhibitor to cytosine-containing DNA transcription is not
important for T7 depression.
I have used the DNA-RNA hybridisation system developed
by Professor W. Szybalski to measure the transcriptional
26
rate of T7 in the project of T4-T7 interaction. The
method of pulse-labelled RNA preparation has been
modified to obtain very low background RNA preparations.
Detail of the modification is also reported.
PART II




Bacteriophage T7 excludes CI47 drastically upon
coinfection. When the m. o. i. of both phages was 10, the
yield of was depressed by about 200-fold. The exclusic
power' of T7 to is quite constant. Even if was given
a head lead of 12 minutes, it did not increase in yield.
The time of T7 burst (about 15 minutes at 37°C) is
constant and is not affected by). Nevertheless, T7
burst size is depressed in the presence of. The T7
genes which are responsible for exclusion of have
been shown to include gene 1. Also, some factors other
than gene action may be involved.
28
INTRODUCTION
Bacteriophage is a weak phage which uses E. cols
RNA polymerase for its gene transcription and does not
break down the host's DNA after infection (Sly et al.,
1965 Cohen and Chang, 1970). Therefore upon mixed
infection with other phages, usually loses in the
competition. Weigle and Delbrtck (1951) reported that
infection of induced -lysogen with T5 leads to the
release of T5. Hayward and Green (1965) reported that
T4 blocks intracellular development by inhibiting the
formation of mRNA.
On the other hand, bacteriophage T7 is a strong
phage which breaks down the host's nucleic acid after
infection and then uses its specific RNA polymerase,
for transcription (Chamberlin et al., 1970 Schweiger
et al., 1975 Kroger and Schroeder, 1981). Therefore,
T7 dominates the yield in the co-infection of T1 and T7
(Delbrack, 1945b). Also, T7 can exert its maximum
exclusion power on T4 when T7 superinfects the host five
minutes before T4 (Loewen et al., 1979).
This report gives an account on the interaction
between T7 and upon coinfecting the host. It is found
that T7 excludes strongly although the yield of T7 is
29
somewhat depressed. T7 gene 1 and some unidentified
factors may have taken part in the exclusion process.
30
MATERIALS AND METHODS
A. Bacteria and Bacteriophages
The bacterial strains used and their basic
charadteristics are summarized in Table 1.





Sunon-restrictingC Bertani and Weigle (1953)
SupD Sunshine et al. (1971)non-restrictingC1757
Bacteriophage ,c147, the lytic strain of
(Kaiser, 1957), was obtained from A.D. Kaiser. The
wild type strain of bacteriophage T7 and its various
early gene mutants were obtained from F. W. Studier
(Studier, 1969 Simon and Studier, 1973; Studier,
1973 Studier et al., 1979).
B. Media and Solutions
Tryptone broth (T-broth): 10 g Bactotryptone (Difco),
5 g NaCl per litre of distilled water.
Luria-Bertani (LB) broth: 5 g Bacto-yeast extract
(Difco) in 1 litre of T-broth.
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Tryptone plate - bottom and top agqr: 10 g tryptone
(Difco), 5 g NaCl, 7 g agar-agar (Sigma) for
top qgar and 11 g for borttom agar per liter
of distilled water.
Suspension Medium: 6 x M Tris Tris buffer (pH 7.4),
-3
-3




Antisera for neutralisation of unadsorbed
and T7 were prepared according to Williams and
Chase (1967) and Fung (1980).
D. Preparation of high titer and T7 pinage stocks
Bacteriophage
E. coil 594 or C was grown in tryptone broth




to a concentration of 5 x 10 cells/ml. was added
at a multiplicity of infection (m.o. l.) of 0.05 and
\the culture was further incubated for several hours.
Chloroform was added to ensure complete lysis. After
removing the cell debris by centrifugation at 11,000 x
G for 20 minutes, the phages were concentrated by high
speed centrifugation (Spinco rotor 19, 16,000 rpm.
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4-5 hours). The pellet was resuspended in 1/500 of the
original volume of suspension buffer after standing with
buffer overnight at 4° C. Another low speed centrifugation
was used to remove the remaining debris.
Bacteriophage T7 and its mutants
The preparation of T7 phages was essentially the
same as that of ,but with the following modifications:-
Tryptone broth for growing E. coli was not
supplemented with MgSO4. Phages were added at m.o.i.
equals to 0.02 when the cell concentration reached
1 x 108 cells/ml. After complete lysis, 1 M NaCl
was added to the lysate before the debris was removed
by centrifugation
Bacteriophage T7 and its various deletion
mutants were propagated in either E. coli 594 or C,
depending on the host used in the exclusion experiment.
Both bacterial strains gave the same plating efficiency
to the phages. T7 an 1-193 was propagated in 011'.
T7`164 am 1 -193 was nrac7af-PH in 01757.
E. Exclusion of under T7 superinfection
E. soli C was grown in T broth at 37°C to 2 x
33
108 cells/ml and was infected with cI47 (m. o. i.
10) at zero time. Samples of the above culture
were infected by T7 at intervals. The cultures
were then incubated in a shaking water bath at 37°C
until complete lysis of ter 3 hours. Total amount
of phages released was assayed by using c as an
indicator bacteria. Either or T7 was neutralized by
antiserum, so only one phage type was screened on a plate.
F. Nand T7 growth under coinfection
The method used to measure, and T7 growth under
coinfection was basically modified from the one step
growth techniques previously described (Ellis and.
Delbrfck, 1939 Adams,1959)
1. E. coli cells were grown in LB broth to 2 x 108
cells/ml and KCN (0.02 M) was added to make up a
final concentration of 0.002M.
2. The cells were infected with cI47 and T7 at the
same time
3. The infected cultures were then incubated at 370C
for five minutes. One ml of the culture was
pipetted out and added to another tube containing
0.1 ml and T7 antisera.
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4. The cultures with antisera were incubated at
37°C for three minutes. They were diluted to
more than 104-fold using fresh LB broth pre-
warmed at 37°C to remove the effect of the
antisera.
5. The diluted cultures were aerated at 37°C.
6. After different time intervals, samples were
removed and assayed for phage infective centers.
The titer of the free phages after antisera
neutralisation was about 100-fold less than the
infected bacteria at 10 minutes of phage input.
35
RESULT
Kinetics of superinfection exclusion
In this experiment, cI47 infected the host at
zero time and T7 superinfected at different time intervals.
Figure 1 shows that even when infected the host 12
minutes before T7, T7 still exerted full capacity to
exclude . In the presence of T7, the phages were
reduced to about 0.5% of the control. The titer
recorded in Figure 1 was so low that it may simply be
the unads-orbed phages. In the presence of , T7 burst
size was also depressed. The depression ability of on
T7 increases gradually as T7 superinfects at a later
time. When T7 was added two minutes after, T7 burst
depressed 31.3% when T7 was added 12 minutes after,
T7 burst was depressed 81.3%.
Patterns of and T7 growth upon coinfection
E. coli 59 4 was coinf ec ted by cI47 and T7 and
their one step growth patterns were measured. Figure 2
shows the T7 growth pattern under low T7 concentration
(m. o. i.= 0.1) and high cl 4 7 (m. o. i.= 10). Figure 3
shows T7 and growth patterns under high T7 concentration
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(m.o.i.= 10) and high ,cI47 (m.o.i.= 10). Both figures
show that the time of T7 burst (about 15 minutes after
T7 infection) is constant and is not changed by the
coinfection with .
yield was depressed drastically during high
concentration coinfection of T7. The, titer was found
to drop 200-fold at 80 minutes after coinfection (Fig. 3).
There was apparently no burst of after its normal burst
time. Also, T7 burst size was decreased by the coinfect-
ion of . The extent of decrease seemed unrelated to
T7 input. T7 burst size was decreased 20-30% in coinfect-
ion despite the m. o. i. of T7 used was 0. 1 or 10.
T7 gene involved in exclusion
Various T7 early gene mutants were coinfected with
cI47 to test their ability to exclude (Table 2).
Most of them can depress it. yield by 50-100 fold. T7
gene 1 mutants coinfected with gave a higher yield
(line 4 and 5) When T7 wild type and Lcoinfection
was used as the reference, coinfecting with T7 gene 1
mutant (line 4) showed a yield increase of 31.3 fold.
Nevertheless, T7 gene 1 mutant cannot relieve the depress-
37
ion of completely., yield in the presence of T7
gene 1 mutant was still depressed 5.1 fold (line 4)
as compared with only infecting the host (line 1).
38
Figure 1. Exclusion kinetics of by T7
E. coli C grown at 37°C to 2 x 10 8 cells/ml
was infected with c147 (m. o. i.= 10) at zero
time. Samples of the infected culture were
superinfected by T7 (m. o. i.= 10) at indicated
T7 yield
cI47 yield
T7 yield without coinfection= 3.2 x 10 10 pfu/ml
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Ficrure 2. Depression of bacteriophage T7 growth by
coinf ectina bacteriohacje
E. coli 59 4 grown at 37°C to 2 x 108 cells/ml
was coinfected by T7 (m. o. i.= 0.1) and
cI47 (m. o. i.= 10) and treated with antisera
as described in Materials and Methods
(Section F). T7 infective centers were
assayed by E. coli B at indicated time.
only T7 infection (m.o.i.= 0.1)
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Figure 3. Exclusion of bacteriophage Nundercoinfection
of bacteriophage T7
E. coli 594 grown at 37°C to 2 x 10 8 cells/ml
was coinfected by T7 (m. o. i.= 10) and
c147 (m.o.i.= 10) and treated with antisera
as described in Materials and Methods (Section
F). T7 and c147 infective centers were
assayed by E. coli 594 at indicated time.
only T7 infection (m. o. i.= 10)
only k c147 infection (m. o. i.= 10)
T7 infective center, T7 and cI47 coinfection
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Table 2. Bacteriophage excluded by various coinfecting
T7 mutants
E. coli C grown at 37°C to 2 x 108 cells/ml was
coinfected by T7 or its mutants (m. o. i.= 10)
and cI4 7 (m. o. i.= 10). The infected cultures
were treated with antisera as described in
Materials and Methods (Section F). Yields of
the phages were assayed by E. coli C after 100
minutes of phaqe infection. An aliquot was
removed from the lysed culture and either T7 or
antiserum, was added so that only one phage
type was screened on a plate.
aThe presence or absence of a functional
product from the T7 genes is represented by
+ or- respectively.
bGene 1.7 is a member of the class II genes.
In the absence of T7 specific RNA polymerase,
it expresses as the transcription of the
class I messengers passes through a termination
site near position 19 in T7 DNA (Dunn and
Studier, 1980 Studier and Dunn, to be submitted),
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Phenotype
a Phage yield (pfu/ml)
Line Strain of T7 0.3 0.4 0.5 0.6 0.7 1.0 1.1 1.2 1.3 1.7 b
T7
cI47
1 T7 not added, infectoion only
2 hot added, infection T7 only
3 wild type
4 aml - 193
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From the results of exclusion kinetics and one step
growth patterns, it is concluded that T7 burst is depressed
by This depression is not due to weakening of the
adsorption process. As illustrated in Fig. 2, the initial
infective center between T7 alone and T7 and ,coinfection
are more or less the same. The depression of T7 by
is due to the expression of one or more -genes. This
is indirectly shown in Figure 1 that as is allowed to
express for some time before T7 superinfection,
increases the depression power on T7. The exact gene
of ,L that is responsible for T7 depression has not been
determined. However cI gene( a repressor to achieve
immunity state in --lysogen) cannot be a likely candidate.
It is because the phage used in the research work is
a lytic strain that has a mutated cI gene. Other /genes
e.g. rex, N and Q have been reported to function in the
exclusion of other mixedly infecting phages (Christensen
et al., 1978 Jacquemin-Sablon, 1979 Toothman and
Herskowitz, 1980a). These N-genes are worthwhile for
further investiagtion
T7 excludes ,N strongly upon coinfection. The
exclusion power of T7 on is quite constant and does
not decrease even if it superinfects 12 minutes after
(Fig. 1). According to Fig. 3, the burst of has
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dropped about 200-fold. Judging from the high m.o.i.
of infection and low yield, it is obvious that only
small percentage of bacteria can produce /progenies
upon coinfection with T7
In order to determine the T7 genes which take part
in the exclusion of some T7 mutants were used to
coinfect and their yield was assayed. Mutation in
gene 1 gives a higher yield (Table 2, line 4, 5).
This shows that T7 gene 1, a gene that codes for the
T7 RNA polymerase (Chamberlin et al., 1970) or some late
genes transcribed by gene 1 may have involved in the
exclusion. It has been reported that T7 gene 1 also
takes part in the exclusion of T3 (McAllister and Barrett,
1977) and T4 (Loewen et al., 1979). Probably, T7 RNA
polymerase interferes, T3 and T4 through a similar
mechanism. For example, it binds and blocks the
transcription of certain heterologous promoters. Gene
0.3 which is responsible for antires triction to the
host (Studier, 1975), takes part in the exclusion of
T3 (Hirsch-Kauffmann et al., 1976 McAllister and Barrett,
1977). However, it is not involved in the exclusion of
(Table 2, line 5 and 6).
Judging from the still drastic depression of
by T7 gene 1 mutants (Table 2, line 1, 4 and 5), it
is inferred that some other factors may have also taken
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part in the exclusion. T7 early region codes for
nine proteins (Studier et al., 1979; Dunn and Studier,
1981). The mutants used in Table 2 have covered all
of them. From the result in Table 2, it seems unlikely
that other T7 early genes besides gene 1 can exert
drastic effect on. Therefore, a non-genic factor
seems to operate after T7 infection to depress One
likely factor is the drastic drop of ionic concentation
of the host after T7 infection (Ponta et al., 1976).
Since uses RNA polymerase of the host for transcription,
this change of physiological ionic content may inhibit
gene expression. However, Ponta et al.(1976) found
that T7 gene 0.3 is responsible for the ion efflux.
Their observation does not match the result in Figure
2 in whickdeletion T7 gene 0.3 still causes tremenously
inhibition on. Coinfection of and T7 phage ghosts
may give a clearer account on this line.
PART III
DEPRESSION OF BACTERIOPHAGE T7 EARLY AND LATE GENE
EXPRESSION UPON BACTERIOPHAGE T4 SUPERINFECTION
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SUMMARY
The burst size, early and late gene expression
of bacteriophage T7 are depressed by the superinfection
of 5-hydroxymet.hylcytosine-containing or cytosine-
containing bacteriophage T4. T7 early rather than late
gene expression is found to be more susceptible to T4
attack. This depression of T7 is due to T4 early gene
functions, perhaps more than one gene is involved.
T4 gene alc which has been suggested to be a. general
cytosine-containing DNA transcriptional inhibitor is
not important for the depression of T7
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INTRODUCTION
Bacteriophage T4 has been involved in exclusion
Studies with different phages. Loewen et al. (1979)
reported that T7 exerts its maximum exclusion power on
5uperinfecting T4 through the action of gene 1. However,
there is no clear account on how T4 exerts its effect on
P7. Because there are more than 140 genes in T4 genome
(Wood and Revel, 1976), it is a difficult task to work
Dut the exact T4 gene that is responsible for the
exclusion process.
Recently, it has been suggested that a T4 gene known
as alc may act as a general inhibitor to block the trans-
cription of cytosine-containing DNA. Examples of this
inhibition include late gene transcription and the early
gene transcription of a cytosine-containing T4 (Pearson
and Snyder, 1980 Kutter et al., 1981). T4 alc mutations
were found because they allow the true late transcription
on cytosine-containing T4 DNA. This results in the
formation of cytosine (C)-T4 instead of the common 5-hydro-
xymethylcytosine (HMC) -T4 (Snyder et al., 1976).
With these T4 alc mutants on hand, the following
experiments are constructed to investigate (a) how HMC-
and C-T4 gene expression affects T7 early and late trans-
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Characterizations and sources of Escherichia coil
strains and T4 phage mutants are summarized in Table 1.
Table 1. E. coli strains and T4 phages used.
ReferenceSourceStrain Relevant Features
a. E. coli strains
Our collectioDu, host of T4B
and T7
Our collection Appleyard et al.SupD, host of T4CR63
(1956)BL292
E.P. Geiduscheck Wood (1966)SuII+, rk, m-k,K803
rgl, met; host
of T4 EDD
Runnels andSu, r-B m-B, galU, L. SynderB834




BL292 g55 amber E. P. Geiduscheck Ratner (1974)
L. Snyder56 (amE5l) -denA Snyder et al.EDD
(nd28) -denB- (1976)
(B"rIIH23")




E. coli B834 galU56 was used as the host for exclusion
gt,idies involving C-containinq T4 phages. E. coli B was used
a.
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as the host for exclusion studies involving HMC-containing
T4 phages. Bacteriophage T7 was obtained from F.W. Studier.
Media and Solutions
Tryptone broth: 10 g tryptone (Difco), 5 g NaCl per litre
of distilled water.
Tryptone plate--bottom and top agar: 10 g tryptone (Difco),
5 g NaCl, 7 g agar-agar (Sigma) for top agar and
11 g for bottom agar per litre of distilled water.
Suspension buffer:
M NaCl, 0.005% gelatin.
M9b buffer: 3 g KH2PO4,
distilled water, pH 7.2
MCGB medium: M9b buffer supplemented with 0.25% (w/v) of
Casamino acids (Difco), 1% (w/v) of glucose, and
2 ug of thiamine (vitamin B1)/m1.
TES buffer: 0.15 M NaCl, 1 mM Tris, 10 mM EDTA, pH 7.7.
SSC: 0.15 M NaCl, 15 mM Na3.citrate, pH 7.4.
2 x ssc, etc.: Concentration multiples of ssc. Filter
before use.
6×10-3M Tris (PH 7.5), 10-3M MgSO4,
7 × 10-2
l g NH4Cl, 7 g Na2HPO4, 0.5 g NaCl,
l ml of l M MgSO4, 10 ml of 10 mM CaCl2, l litre of
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Phenol: Commercial phenol (A. R.) was re-distilled and
collected at 182°C and stored in tightly closed
vials at -20°C C. When used, melted phenol was
mixed with equal volume of double distilled water.
The mixture was heated in a boiling water bath to
form a one-phase solution. After cooling and
spinning down at 3,000 x G for 10 min, the lower
layer (water-saturated phenol) was ready for use.
Hybridisation fluid: 10 ml of 1/2 x SSC, 0.6 ml of hot
phenol, 0.06 ml of 1 M NaOH, pH 7. 5
Trichloroacetic acid (TCA): 5% aqueous solution. Filtered
before use.
Albumin solution: Solution of bovine serum albumin,
fraction V (1 mg/ml) in 2 x SSC.
RNase solution: Stock solution of 1 mg/ml was freshly
prepared by dissolving pancreatic RNase (code
RASE or RAF Worthington Biochemical Co.,
Freehold, New Jersey) in distilled water
preheated to 97°C for 10 minutes. When used,
stock was diluted with 2 x SSC by 1/50 fold to
20 ug/ml.




Bacteriophage T4 and T7 antisera were preparatea
according to Williams and Chase (1967) and Fung (1980).
Phage Propagation and Purification
A. Propagation of phages
E. coli cells were grown in tryptone broth at
37°C with aeration to a concentration of 5 x 107
cells/ml. For propagation of T4 phages,,L-tryptophan
was added to a concentration of 20 ug/ml just before
phage infection. Bacteriophages were added at a
multiplicity of infection (m. o. i.) of 0.05 and the
culture was further incubated for several hours.
Chloroform was added to ensure complete lysis. The
cell debris was removed by centrifugation in 11,000 x
G for 20 min.
B. 1. Concentration of phages for burst size studies and
DNA strand separation
The lysates, now largely free of bacterial
cells and debris, were subjected to concentration
by the PEG Precipitation Method (Yamamoto et al.,
1970).
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The lysate was supplemented with 0.5 M
NaCl and 7.5-8.0% polyethylene glycol (PEG M. W.
6,000 or 20,000) and dissolved by continuous
stirring overnight (about 8 hours) at 4°C. The
phage-PEG aggregates were collected by centri-
fugation (8,000 rpm, 30 minutes, 4°C). The
supernatant was removed completely and the
pellet was resuspended in 1/100 volume of
suspension buffer. The residual debris was
removed by a low speed centrifugation (5,000
rpm, 10 minutes, 4°C).
2. Concentration of phages for RNA preparation
From past experiences, PEG-concentrated
phages when used to infect the host always result
in low efficiency of radioactivity incorporation
in the RNA preparation, high titer phages for RNA
preparation was made by high speed centrifugation.
The phages were spun down by Spinco Rotor 19,
16,000 rpm for 4- 5 hours. The pellets were
resuspended in 1/500 of the original volume of
suspension buffer by standing overnight at 4°C.
A low speed centrifugation was used to remove the
remaining debris.
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C. Purification of phages
1. Water and crystal CsCl were added to the PEG
concentrated phage suspension to obtain a 12 ml
of solution of density, 1.496 g/ml (refractive
index 1.3810= 8°10'). The suspension was then
added to a nitrocellulose tube (Beckman Spinco,
Cat. No. 331101) and overlaid with mineral oil
up to the rim of each tube.
2. The CsCl phage suspension in nitrocellulose tubes
was centrifuged at 30,000 rpm for 20- 22 hours
at 5-10°C in an Spinco SW40 rotor in Beckman
Spinco L2-65B ultracentrifuge. Thereafter the
tube was punctured from the side with a syringe
needle just below the phage band, this phage band
was collected with a sterile 1-ml syringe and
transferred to a screw-cap vial and stored at
4-5°C. Usually 1 to 4 x 1013 phage, i.e., up
to 2 mg DNA was collected.
Studies of T7 burst size by superinfection of T4 mutants
Escherichia coil cells were grown in tryptone orotn
at 300C to a concentration of 2 x 108 cells/ml. L-tryptophan
was added at 20 ug/ml just before T7 infection. T7 phages
were added at a m. o. i. of 7 and this time was taken as zero
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minute. The infected culture was quickly divided into
several tubes, with 5 ml aliquot in each tube.
At different time after T7 infection, two tubes
were superinfected by an appropriate T4 mutants. Then,
the tubes were incubated at 30°C and shaken for 6 hours.
1 ml of CHC13 was added to each tube to lyse the remaining
cells. The cell debris was spun down at 8,000 rpm, 5 min
and 4°C by a Sorval RC-2B centrifuge. The burst titer
of T7 was assayed using E. coli B as the indicating host.
RNA preparation
3H-labelling and isolation of radioactive RNA from
phage infected Escherichia coli B or galU56 were conducted
as follow. It was modified from the procedures described
by Bolle et al. (1968) and B¢vre et al. (1971).
A. Infection of phages and 3H uridine-labelling of RNA
1. E. coli cells were grown in MCGB medium at 30°C
to O.D. 600= 0.20 (1 x 108 cells/ml). The cells
were spun down and resuspended to 1 x 109 cells/ml
in prewarmed MCGB medium supplemented with 20 ug/ml
L-tryptophan. The concentrated culture was
equilibrated by shaking in a 300C water bath for
10 minutes. Then, T7 phage was added at m.o.i 7
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and this time was taken as zero min. The infected
culture was divided into six portions immediately
and kept shaking vigorously at 30°C. Each portion
contained 20 ml of the T7 infected culture.
2. At 1 min and 12 min, corresponding T4 phages were
added at m.o.i.= 7 to portion 1, 2 and 4, 5
respectively.
3. At 4 min, 0.5 ml of 5-3H-uridine (=0.5 mCi) was
added rapidly from a disposable 1 ml syringe to
portion 1, 2 and 3. At 15 min, 0.25 ml of 5-3H
uridine (=0.25 mCi) was added to portion 4, 5 and
6.
4. Labelling of portion 1, 2 and 3 was ended at 6 min
and labelling of portion 4, 5 and 6 was ended at
l8 min
5. At the end of the pulse labelling, the content of
the culture flask was poured onto 5 ml of M9b
buffer (supplemented with 20 mM NaN3) which had
been frozen at -20°C. The mixture was shaken
well on ice until melting was completed and was
then transferred to a 30 ml centrifuge tube (Corex),
which was kept in ice,
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B. Isolation of 3H-RNA
1. The cells were spun down at 3,500 x G for 10 min
at 40C and the pellet was resuspended in 1.0 ml
of cold TES buffer. After thorough mixing to
ensure that all cells had been resuspended, 0.1
ml of TES buffer containing 10% sodium dodecyl
sulfate was added to give a final concentration
of 1% of the detergent.
2. The suspension was frozen in liquid iitrogen,
thawed and refrozen for one or two times.
3. The suspension was heated for 3 min in a boiling
water bath, followed by cooling at room temperature
for 5 min.
4. The tube was then placed in an ice water bath ana
0.1 ml of a 2% suspension of Macaloid was added.
Af ter mixing by a short swirl on a Vortex mixer,
1.5 ml of water-saturated phenol, preheated at
67°C was added. The mixture was shaken by hand
for 3 min in the 67°C water bath. The tube was
again placed in ice water and centrifugation was
performed as soon as possible (7,000 x G, 4°C,
10 min).
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5. After centrifugation, the aqueous layer was
taken out with a Pasteur pipette held in a
Clinac pipetter (La Pine Co., Chicago) and
steps 4 and 5 were repeated twice. At the
third round, the aqueous-phenol mixture was
placed in ice-salt mixture instead of ice water
so that a greater amount of phenol precipitated
out. This chilling step reduced the background.
6. The volume of the aqueous phase after the third
phenol extraction was measured, and the solution
was adjusted to the salt concentration of 2 x SSC
by adding 0.25 volume of 10 x SSC.
7. The RNA extract was frozen at -20°C. The dissolved
phenol was removed according to the modified method
reported in Part IV of the thesis.
8. One microlitre of the RNA extract from step 7 was
transferred to 0.1 ml of a 0.1% albumin solution
in a 13 x 100 mm tube standing on ice. To the RNA
solution 2 ml of cold 5% trichloroacetic acid was
added. After mixing by hand, precipitation was
allowed to take place for 10 min in the cold. The
precipitate was collected on a 24 mm Bac-T-Flex
B6 membrane filter which was presoaked and prewashed
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with 5 ml of 5% trichloroacetic acid. Af ter
slow filtration of the TCA precipitate (about
15 min), the sample tube was washed twice with
10 ml cold TCA and the filter with 100 ml cold
TCA. The filter was dried at 80°C for 1 hour
in a vacuum oven the radioactivity was counted
in 10 ml of scintillation fluid. This figure
was used for the calculation of total labelled
RNA.
Extraction of DNA from Bacteriophages and Separation of
Phage DNA. Strands
Preparative separation of the phage DNA strands
for use in hybridisation procedures was modified from
that described by Summers and Szybalski (1968) and Bovre
and Szvbalski (1971). It was carried out as follows:
A CsCl suspension containing 6 to 7 x 1012 phage
particles (300-350 ug) DNA was dialysed for 4 hours
against 2 1 of 1 mM EDTA (pH 8-8.5) at 4°C.
2. The phage suspension was supplemented with 1 mM
EDTA to obtain a volume of 1.15 ml. Then 0.25 ml
of poly (U, G) solution (1 mg/ml), 20 ul of 10%
Sarkosvl and 17.5 ul of 1 M NaOH were added. pH
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paper was used to check that it is between pH
9.0-9.5. The mixture was swirled gently until
the bluish color of the solution disappeared.
3. The mixture was heated at boiling water bath for
3 min and frozen immediately in a salt-ice bath.
4. The mixture was thawed in an ice bath. 0.1 ml of
0. 5 M Tris buffer (pH 8. 0), 0.05 ml of 0. 1 M EDTA,
pH 8.0 and about 6.0 ml of saturated CsCl solution
were added to obtain density of 1.72.g/cm3
(refractive index 1.4014- 1.4022= 10 °15'- 10 °20')
5. The mixture was poured gently into a polyallomer
tube (Beckman Spinco, Cat. No. 331374). The tube
was filled up to the rim with mineral oil and
transferred to a SW40 prechilled rotor.
6. Preparative centrifugation was performed at 30, 000
rpm for 3 days at 5 0- 12°C. Thereafter fractions
were collected by puncturing the bottom of the tube.
The fractions (5 drops per vial) were measured at
O.D.260 with a 1-mm cuvette. The fractions
containing each respective strand of DNA were pooled
together according to O. D. 260 measurements.
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7. Each pooled fraction was subjected to a self-
annealing procedure (2 hours at 670C), whereby
any contaminating opposite DNA strand was
converted into duplex DNA, which could not
participate in hybridisation with 3H-RNA.
Liquid DNA-3 H-RNA Hybridisation
One step hybridisation employed was modified from that
described by Bovre et al. (1971).
1. To a 13 x 100 mm test tube, 0.3 ml of hybridisation
fluid, 5 ug of single-stranded DNA and 2.5 x 10 4 or
5 x 104 cpm of the 3H-RNA preparation (preadjusted
to 2 x SSC) were added together. The annealing of
the DNA-RNA was performed at 67°C for 6 hours.
2. After annealing, the solution was immediately
chilled in ice to depress any nonspecific hybrid
isation at intermediate temperatures. 5 ml of
2 x SSC was added to the hybridisation mixture,
and was allowed to filter slowly through a B6
filter which had been presoaked in 2 x SSC and
prewashed with 10 ml of 2 x SSC. Filtration
should be quite slow (1 ml/min), under little or
no vacuum. Thereafter, the filter was washed
with 10 ml of 2 x SSC (slow filtration), 50 ml
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of 2 x SSC (moderate speed of filtration) and
50 ml of 2 x SSC (high speed of filtration),
all with the DNA side of the filter upward.
All filtration steps took place at room temperature
3. To eliminate nonspecific and partial binding of
RNA to DNA or to the filter, it is necessary to
treat the filter with RNase after hybridisation.
RNase treatment was performed by placing the filter
in a vial with 2 ml of 2 x SSC containing 40 ug
pancreatic RNase. Incubation took place at room
temperature with slow shaking for 1 hour. The
vial was then chilled in ice, the filter was
taken out, rinsed with 10 ml of 2 x SSC on each
side, and then washed by filtration (high speed)
with 100 ml of 2 x SSC applied with the DNA side
of the filter upward.
4. The filter was dried at 60°C for 2 hours in a
vacuum oven, and its radioactivity was assayed




Infection of phages on E. coli B or gal U56
In the preliminary study, it was found that T7 has
the same plating efficiency on strain gal U56 as on strain
B, its common host strain. However, T7 plaque sizes on
gal U56 vary from pinpoint to 0.5 cm. This indicates
that the infection of T7 on gal U56 is not efficient.
Also, T4 EDD and T4 DEC8 are multiple mutants of T4 and
gal U56 is a multiple mutant of E. Soli. The infection
rate of these phages on gal U56 is expected to be lower
than the wild type T4 on E. coli B.
The infection rates of phages on their hosts were
determined by measuring the fraction of the surviving
bacteria. As shown in Table 2, T7, T4BL292 and T4+ infect
E. coli B with very high efficiency. At 3 minutes of
adsorption, most of the bacteria were infected by these
phages. On the other hand, T7, T4EDD and T4DEC8 infect
gal U56 with slower rates. At 3 minutes of adsorption,
about 40% of gal U56 was infected by T7 and T4 DEC8 and
only about 14% was infected by T4 EDD. The slow infection
rate of T4 EDD was also confirmed by measuring the
decreasing rate of free phages at intervals after infection.
This particular slow infection rate of T4 EDD on gal U56
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is an important point to consider as the depression power
of T4 EDD and T4 DEC8 on T7 was compared.
Labelling and isolation of 3H-RNA
E. coli B or gal U56 were grown to mid-log phase,
infected by appropriate phages and pulse-labelled with
3H-uridine. The results of various RNA preparations are
listed in Table 3.
According to experiences of other workers, 2-3
minutes pulse-labelling of the bacteria with 108 cpm
3H-uridine usually has 1-2% 3H-RNA labelling efficiency.
This is true for Preparation no. 1-4. In these preparations,
2-3 rounds of freeze-thaw and centrifugation technique
(as described in Part IV of the thesis) were applied to
reduce the background. From preparation 5 onward, the
labelling efficiencies were generally lower. In order to
obtain RNA with very low background (comparable to the
blank), freeze-thaw and centrifugation technique were
applied 4- 5 rounds on these preparations. With this
intensive treatment, the yield has to be sacrificed due to
degradation of the intact RNA.
Strand separation
The separation of T7 DNA into H- and L-strand is shown
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in Figure 1. The H- strand appears before the L- strand
in accordance with the result obtained by Summers and
Szybalski (1968).
The concentration of the pooled single strands was
measured at O.D.260. T7 H-strand preparation gave a
concentration of about 250 ug/ml and T7 L-strand preparation
about 300 ug/ml. Since the amount of single-stranded
DNA used for each DNA-RNA hybridisation is 5 ug, one
successful separation may serve for several trials.
Test for specific RNA uptake by single-stranded T7 DNA
T7 transcription in vivo occurs entirely from the
H-strand (Summers and Szybalski, 1968 Studier and Maizel,
1969). The purpose of this experiment is to confirm the
above statement so as to prove that the hybridisation
procedures work properly.
3H-RNA was prepared by labelling the RNA for 3
minutes with 0. 5 ml of 3H-uridine (5 mCi/5 ml) at 3 minutes
or 16 minutes after T7 infection. 105 cpm of the 3H-RNA
prepared was used to hybridise with the H- or L-strand
of T7 DNA. The result is shown in Table 4. As expected,
most of the hybridisation occurred on the H-strand.
However, the L-strand picked up some counts from the
early-labelled RNA. This may be simply due to the high
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background of this preparation so that some non-specific
hi nclina occurred.
Kinetic studies of DNA-RNA complex
To measure the amount of complementary RNA present
in an RNA preparation, sufficient DNA must be used to bind
all available complementary RNA. The amount of RNA used
so as not to exceed the saturation point can be determined
by annealing fixed amount of DNA with increasing amounts
of labelled RNA (Bolle et al., 1968 Salser et al., 1970).
It was found that when 5 ug of T7 H-strand DNA was
used to hybridise with the early- or late-labelled T7 RNA
generated from gal U56, the RNA saturation point occurred
at an input count around 6 x 105 cpm (Fig. 2). Therefore,
5 x 104 cpm of early-labelled RNA and 2.5 x 104 cpm of
late-labelled RNA were used in the subsequent hybridisatioi
experiments. These input counts are sufficiently low to
give room for the variation of transcriptional rates in B
and gal U56. Moreover, in the presence of superinfecting
T4, the amount of T7 RNA synthesis is expected to be lower
than T7 infecting the host alone.
Depression of T7 burst size by HMC-T4
Burst sizes of T7 were studied by superinfecting T4+
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or T4BL292 to T7 infected cells at 3, 12 and 16 minutes.
Both T4+ and T4BL292 produce HMC-DNA. T4BL292 has an
amber mutation in gene 55 which codes for a RNA polymerase-
binding protein (Ratner, 1974). With this mutation, no
T4 late gene transcription can occur although DNA
replication takes place (Bolle et al., 1968 Hosoda and
Levinthal, 1968 Sktld, 1970).
Table 5 shows that both T4-t and T4BL292 reduced T7
burst size to more than 100-fold at 3 minutes of super-
infection. The degree of depression was somewhat reduced
if superinfection took place at 12 or 16 minutes. This
result suggested that T7 at early and late developmental
stages are vulnerable to the attack of HMC-T4 early gene
:xpression. However, T7 that has already developed for
-ome time is less susceptible to the attack.
Comparing to T4BL292, T4+ exerted a stronger effect
on T7 if superinfection took place at 12 or 16 minutes.
Since T4+ has late gene expression while T4BL292 has no,
the simpliest explanation is that some T4 late genes also
work for the depression of T7 late gene expression. However,
in combination with other observations, it is also reasonable
to deduce that in T4BL292 some early genes may work in a
way different from T4+ to depress the yield of T7.
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Depression of T7 burst size by C-T4
To investigate the depression of T7 burst by C-T4,
T4EDD are T4DEC8 were chosen. They infect gal U56 and
generate cytosine T4 DNA. T4EDD contains a wild type
alc.gene so that the transcription of late genes in gal
U56 is prohibited. Therefore, the fate of T4EDD on gal
U56 would be similar to T4BL292 on B although both of
them work through different mechanisms.
Table 6 shows that T7 burst size was depressed by
the C-T4 superinfection, although the degree of depression
was less severe as in the case of HMC-T4. This reflected
that T7 early and late genes are also depressed by the gene
expression of C-T4. Comparing to T4DEC8, T4EDD exerts less
influences on T7 at 3 or 12 minutes of superinfection. As
stated in the earlier section, T4EDD infects gal U56 at
a rather slow rate, so there may be a lag period between
T4EDD superinfection and its exertion of full effect on T7.
As a summary, T7 burst size is depressed by the
superinfection of HMC-T4 or C-T4. T7 early and late
gene expression are susceptible to T4 early genes.
Effect on T7 mRNA synthesis by HMC- and C-T4
In order to have a closer look on how T7 early and.
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late gene transcription are affected by T4, early and late
T7 mRNA are pulse-labelled respectively. The time of
labelling begins three minutes after T4 superinfection
and lasts for two to three minutes. At this period, T4
generates early gene products exclusively.
According to Table 7, T7 early gene transcription
was depressed by the early gene products of either T4+
or T4BL292. T4BL292 reduced 98% of the T7 early mRNA
while T4+ reduced 82%. Comparing to T4+, the early gene
products of T4BL29 2 have less influence on T7, late gene
transcription. In this case, T4BL292 only depressed 9%
of T7 late gene transcription while T4 reduced 49%. This
different depression effect of T4+ and T4BL292 early genes
on T7 transcription may be explained if some T4BL292 early
genes operate in a manner different from T4+ for the
depression of early and late T7 gene transcription, this
point will be elaborated in the discussion section.
Table 8 shows that T4DEC8 early genes, which contains
no alc gene,depressed T7 early and late gene transcription
more effectively than T4EDD which contains an alc gene. It
is because T4EDD infects the host in a quite slow rate
( 14% at 3 minutes of adsorption). It may not exert
significant effect on T7 at the time of pulse-labelling.
However, judging from the significant depression power
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(90%) of early T4DEC8 genes on T7 early and late
gene transcription, it is reasonable to agree that T4
alc may not be significant for the depression of T7
gene transcription. This is an important point to
mention as Pearson and Snyder (1980) reported that alc
is responsible for the shut off of -late transcription.
Also Kutter et al. (1981) reported that alc blocks the
transcription of another T4 early gene from a coinfecting
C-T4 phage.
In short, T7 early and late gene transcription are
depressed-to different extent by the early region of a
superinfecting FMC-T4 or C-T4. T4BL292 early genes may
work in a manner different from T4+ to reduce T7 transcription.
Also, T4 alc gene seems not important for the T7 depression.
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Figure 1. The fractionation of single-stranded DNA from T7
T7 phage DNA was released from phage, denatured
and combined with poly (U, G) as described in
Materials and Methods. The DNA strands were
separated in CsCl gradient and fractionated
by a fractionator. The first peak is the H-
strand and the second peak is the L-strand,
the shaded area indicated fractions for
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Figure 2. Saturation of 3H-RNA with 5 ug T7 H-strand DNA
The amount of `3H-RNA needed to achieve saturation
was determined by hybridising 5 ug T7 H-strand DNA
with increasing amount of T7 3H-RNA from 50, 000
to 500,000 cpm. E. soli galU56 was used as
bacterial host. Infection of T7 took place at
zero min (Prep. no. 3 and 4). The other procedures
were the same as that described in Materials and
Methods.
labelled at 4-6 min after T7 infection















Table 2. Fraction of E. coli infected by various
phages at 3 and 6 minutes of ter infection
Bacteria at 2 x 10 8 cells/ml in T broth at
30°C were infected with phages at a m.o.i.
of 7 at zero time. Surviving bacteria were
plated at 3 and 6 min. after infection.
Unadsorbed phages were neutralized by
antiserum.
Fraction of E. coli infected= zntectea bacteria
total bacteria
Fraction of E. coli infected
Host Infecting phage at 3 min at 6 min
B T7 0.93 0.99
T4BL292 >0.99 >0.99
T4+ >0.99 >0.99




Table 3. H3-uridine labelling of RNA
Phe preparation of 3H-RN.A was described in
1aterials and Methods. Preparation no. 1-4,
L1-16 used E. coli galU56 and preparation no,
5-10 used E. coli B as bacterial host.
a
The number of counts was assayed as the result
of TCA precipitation. This result indicated
the amount of 3H-uridine that was incorporated
into the RNA.
b
Total counts of 3H-RNA extracted were calculated
by multiplying the number of counts assayed by
TCA precipitation with the volume of 3H-RNA
solution extracted.
c0.25 or 0.50 mCi of 3H-uridine was used as input.
The input counts were assayed by drying 0.01 ml
of the 25 ml labelled culture onto a nitro-
cellulose filter placed in a counting vial.
Then, 10 ml of scintillation fluid was added
and the radioactivity was counted by a liquid
scintillation counter.
dLabelling efficiency was expressed by comparing






















1 3 - 6 7.14 1.62 11.6
7.5 1.54
2
16 - 19 7.47 1.62 12.1 9.5
1.30
3 7 - 6 18.10
1.15 20.8 11.4 1.82
4 15 - 18 8.59 1.10 9.4
6.6 1.42
5 4 - 6 7.74 1.75 13.5
10.2 1.32
6 15 - 18
1.37 1.50 2.1 5.0 0.41
7 T4BL292 4 - 6
6.43 1.88 12.1 10.2 1.18
8 T4BL292 15 - 18 0.9
1.75 1.6 5.0 0.32
9 T4 4 - 6 3.45 1.75 6.0 10.2
0.59
10 T4 15 - 18 0.82 1.44 1.2 5.0 0.24
11 1 - 6 3.51 1.25 4.4 16.0 0.27




13 T4EDD 4 - 6 3.36 1.37 4.6 16.0 0.29
14 T4EDD 15 - 18 2.11 1.25 2.6 7.2 0.37
15 T4DEC8 4 - 6 1.63 1.50 2.4 16.0 0.15
16 T4DEC8 15 - 18 0.51 1.37 0.7 7.2 0.10
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Table 4. Hybridisation of T7 3H--RNA with H and L single
stranded T7 DNA
5 ug single-stranded T7 DNA was nybriciisea witn
10 5 cpm 3H-RNA prepared by using E. coli galU56
as bacterial host (Prep. No. 1 and 2). Infection
of T7 phages took place at zero min. The procedures
for hybridisation were as described in Materials
and Methods. Each value of hybridisation was an
average of two samples:
aHybridisation efficiency(%)
hybridisation with DNA- hybridisation without DNA X100%
input count
3 H-RNA






T7 infection (min) (cpm) ( % )
1 3- 6 1747.5
0
1 3- 6 H
13346.2 11.6
1 3- 6 L
2684.5 0.9
2 16- 19 445.7 0




Table 5. Effect on T7 burst by HMC-containing T4 at
early and late period of T4 superinfection
E. coli B grown to 2 x 10 8 cells/ml at 30°0
was infected by T7 (m. o. i.= 7) at zero min.
and superinfected by T4BL292 or T4 (m. o. i.
= 5) at indicated time.
T7 phage yield was calculated by averaging the
duplicated samples in the experiment.
Time of superinfection
T7 phage yield T7 burst Relative
T4 phage (min)
(pfu/ml) size burst size
9.8 x 109 49.0
100.0
T4BL292 3
4.0 x 107 0.2 0.4
T4 3
8.0 x 107 0.4 0.8
T4BL292 12 2.7 x 109
13.5 27.5
T4
12 3.2 x 108
1.6 3.3
T4BL292 16
3.0 x 109 15.0 30.6
T4 16
4.0 x 108 2.0 4.1
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Table 6. Effect on T7 burst by C-containing T4 at early
and late period of T4 superinfection
E. coli galU56 grown to 2x10 8 cells/ml at
30°C was infected by T7 (m.o.i.= 7) at zero
min. and superinfected by T4 EDD or T4 DEC8
(m. o. i.= 7) at indicated time.
T7 phage yield was calculated by averaging the
duplicated samples in the experiment.
























Table 7. Effect on T7 mRNA synthesis by HMC-containing
T4 at early and late period of T4 superinfection
5 ug H-strand T7 DNA was hybridised with either
2.5 x 104 or 5.0 x 104 cpm 3H-RNA prepared by
using E. coli B as bacterial host (Prep. no.
5- 10). In the 3H-RNA preparations, infection
of T7 took place at zero min. For' Prep. no-7
and 9, T4 phages were superinfected at 1 min.
after T7 infection. For Prep. no. 8 and 10,
T4 phages were superinfected at 12 min after
T7 infection. The procedures for hybridisation
were as that described in Materials and Methods.
aSpecific hybridisation= Extent of hybridisation-
hybridisation without DNA
Time of pulse- Extent of Specific Reiative
3H-RNA Superinfecting labelling after
Input count
hybridisation hybridisationa hybridisation





4- 6 5 5146.0
5074.1 100.0
7 T4BL292 4- 6
5 157.1 92.7 1.8
9 T4 4- 6
5 972.2 894.4 17.6
6 15- 18 2.5
7849.1 7777.4 100.0
8 T4BL292 15- 18 2.5
7157.2 7061.9 90.8
10 T4 15- 18 2.5 4050.7
3975.7 51.1
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Table 8. Effect on T7 mRNA synthesis by C-containing
T4-at early and late period of T4 superinfection
5 ug H-strand T7 DNA was hybridised with either
2.5 x 104 or 5.0 x 104 cpm 3H-RNA prepared by
using E. coli gal U56 as bacterial host (Prep.
no. 11- 16). In the 3H-RNA preparations, infection
of T7 took place at zero min. For Prep. no. 13
and 15, T4 phages were superinfected at 1 min.
after T7 infection. For Prep. no. 14 and 16,
T4 phages were superinfected at 12 min. after
T7 infection. The procedures for hybridisation
were as that described in Materials and Methods.
aSpecific hybridisation= Extent of hybridisation-
hybridisation without DNA
Time of pulse- Extent of Specific Relative
3H-RNA Superinfecting labelling after
Input count
hybridisation hybridisationa hybridisation
Prep. no. phage T7 infection
(cpm x 10-4) (cpm) (cpm) efficiency(%)
(min)
11
4- 6 5 18669.0
18544.2 100.0
13 T4EDD 4- 6 5
11714.9 11660.1 62.9
15 T4DECB 4- 6
5 1632.4 1537.1 8.3
12 15- 18 2.5
10689.0 10634.2 100.0
14 T4EDD 15- 18 2.5
8397.2 8347.7 78.5
16 T4DECB 15- 18 2.5 1328.6 1151.1 10.8
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DISCUSSION
Bacteriophage T7 begins to transcribe after injecting
its DNA into the host. There are three classes of m-RNA,
namely class I, II and III (Studier, 1972). At 30°C,
class I genes are transcribed just after the injection
process up to 8 minutes. They consist gene 0.3- 1.3.
Their transcription is directed by the host's RNA polymerase
and their function is to change the host's environment for
the need of the phage. Class II genes consist gene 1.4- 6.3
and class III gene 6.5- 19.5. They are transcribed by T7
specific RNA polymerase coded by gene 1 (Chamberlin et al.,
1970). Their transcriptions begin from 6 minutes after
infection. Both classes of genes are for phage DNA
metabolism and maturation.
Bacteriophage T4 genes are divided into early and
late according to the time of transcription. (Bruner and
Cape, 1970 O'Farrell and Gold, 1973 Witmer, 1976). The
following analysis of T4 regulation refers to growth at
30°C. Early genes deal with DNA metabolism and they are
subclassified into immediate early genes which start to
be transcribed after infection, and delayed early genes
which start to be transcribed 1- 5 minutes after infection.
Transcription of most early genes ceases after 10 minutes
of infection. Late genes are subclassified into quasi-elate
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genes and true late genes. Quasi-late genes express just
before DNA replication at 6 minutes after infection and
reach maximum rate of transcription at post-replicative
period. True late genes express at around 8 minutes. Their
transcription is coupled to DNA replication and their functions
are for structural proteins.
The experiments were constructea in sucii d way L.ilct L
in the burst size studies, T4 superinfection took place
when T7 was expressing its early genes or late genes. The
same strategy was applied to the study of T7 m-,RNA synthesis.
Moreover, the time of pulse-labelling was arranged so that
T4 was gvnthPsizina its early gene products.
The results showed that T7 early transcription
is susceptible to T4 early function although T7 RNA synthetic
rate is two to three times higher than T4 early RNA synthetic
rate (Rabussay and Geiduschek, 1977). T7 late functions
which are transcribed from its specific RNA polymerase are
also susceptible to the attack of T4 early genes. However,
the depression of T7 late transcription is less than the
early transcription.
T4 excludes superinfec.ting T4 by preventing the injection
of the superinfecting T4 DNA (Anderson et al., 1971). However,
Loewen et al. (1979) reported that T4 can inject the DNA into
the cells. even if it superinfects 10 minutes later than T7.
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T4 modifies the host's RNA polymerase by gradually
adding different phage transcribed proteins to it
(Rabussay and Geiduschek, 1977). The modification
begins just after T4 infection. Therefore, the sirnpliest.
explanation for the above results is that as T4 modifies
the host's RNA polymerase, T7 cannot access to the
unmodified one during its early transcription. The
situation of T7 gets better in the late transcription as
it uses its own RNA polymerase produced from gene 1.
Another possibility is that some T4 early gene
products may bind to the early (Class I) promoters of T7
to interfere its transcription. The binding of these
T4 gene products to T7 late (Class II and III) promoters
may be less efficient. This is likely as T7 early and
late promoters are highly conserved respectively. However,
the two types have different sequences (Siebenlist, 1979
Dunn and Studier, 1981 Jolliffe, 'et al., 1982). The
three strong early promoters of T7 are similar to bacterial
promoter. Therefore, they may be attacked easier by T4
DNA binding or nucleolytic proteins.
From the above interpretations, it seems that more
than one T4 early genes are involved in the depression of
T7 and the depression mechanism may be very complicated.
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The data of T7 RNA synthesis suggested that T4 alc
gene is not important for the exclusion of T7 early or
late transcription. T4 alc has been found responsible
for the shutoff of late gene transcription and the early
gene transcription of a cytosine-containing T4 (Pearson
and Snyder, 19 8 0 Kutter et al., 1981). However, as
different phage systems are greatly diversified, it is
normal that T4 alc does not work in this case.
To my surprise, some early T4 genes in T4BL292
(gene 55- seemed to work in a way different from wild
type T4 for the depression of T7 early and late functions
a. In Table 5, T4' and T4BL292 superinfection at 3
minutes caused drastic depression on T7 burst.
The depression power of both phages is similar.
However, T4+ can express both pre-replicative
and post-replicative genes while T4BL292 can
only express the early genes.
b. Comparing to T4+, T4BL292 early gene expression
imposed a much higher effect on T7 early RNA
synthesis (Table 7).
c. As shown from the T7 burst size and mRNA synthesis
at late period of T4 superinfection, T7 late
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expression is less affected by the early gene
expression of T4BL292 than by wild type T4.
It has been reported that T4 mutants Ceticit in
late gene transcription cannot shutoff the early gene
synthesis. They accumulate early gene products to a
higher level in the late period of infection (Wiberg
et al., 1962 Hosoda and Levinthal, 1968 Bolund and
Skold, 1971 Bolund, 1973). However, it seems impossible
that T4BL292 accumulates its early gene products high enough
at the time of pulse-labelling (3- 6 min) and, causes
significant depression on T7 early gene expression. There
is no direct evidence that mutation in gene 55 can affect
transcriptional rate of individual T4 gene transcription
between 3 and 6 minutes after infection. However,
Warner and Hobbs (1967) found that T4BL292 has lower
net RNA synthesis at early times. Sktld (197/0) found
that the gene 1 x gene 55 double mutant can have a
longer incorporation of labelled 5-f luorouracil into
the RNA compared with the gene 1 single mutant. Therefore,
it is highly possible that gene 55 may involve in the
regulation of certain early mRNA synthesis. More work
on how gene 55 mutation affects the expression of other
T4 early genes is needed before a definite conclusion
on this part can be drawn.
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As a conclusion, this report has only dealed
with a general account on how T4 early gene expression
work to interfere T7 early and late functions. The
depression mechanism may be very complicated and may
involve more than one T4 genes.
PART IV




An improved method for the removal of DNA and
phenol residues after phenol extraction in m-RNA
preparation has been developed. This involves repeated
freeze-thaws of the aqueous layer under centrifugal
force. As a model assay, five minutes pulse-labelled
Nc147 late m-RNA is prepared and hybridised to the r-
strand\DNA. After the centrifugation treatment, non-
specific hybridisation is reduced to one-tenth of the
original and the background with respect to input
radioactivity for hybridisation is reduced to 0.3%.
This low background m-RNA preparation is important
especially in dealing with minor class m-RNA.
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INTRODUCTION
In 1956, phenol was introduced as a deproteinization
agent for nucleic acid isolation (Gierer and Schramm,
1956 Kirby, 1956). In the application of phenol extraction
method to prepare pulse-labelled m-RNA, Scherrer and
Darnell (1962) reported that at high temperature (60°C),
most of the DNA( >95%) remains either in the interface
or in the phenol layer, and RNA can be recovered from
the aqueous phase. Since then, this method has become
routine for bacteriophage m-RNA preparation.
After phenol extraction, it is necessary to
separate the remaining phenol from the aqueous layer,
is phenol is contaminated with DNA which causes the
'noise' in DNA-RNA hybridisation. One common way is
to precipitate the RNA by cold ethanol and re-dissolve
it in aqueous buffer. The group 'led by W. Szybalski
in University of Wisconsin reduced the background by
freezing and thawing the aqueous layer. Since phenol
has a melting point higher than ice and has low solubility
at low temperature, it remains as distinctive droplets
when the frozen aqueous layer has just liquidified.
The phenol droplets with contaminated DNA can then be
rolled into a ball and sucked away (W. Szybalski,
personal communication, 1971 K. K. Mark, unpublished
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data). In this communication, the freeze-thaw method
for eliminating DNA and phenol residue is exploited





The media used and the method for measuring RNA
radioactivity was based on the work of Bovre et al.
(1971) and Mark (1973). Bacterial strain Escherichia
coli 594 was grown in MCGB medium to a concentration
of 1 x 108 cells/ml at 37°C, centrifuged and con-
centrated .10-fold to 20 ml with prewarmed MCGB. Seven
minutes later, MgSO4 was added to a final concentration
of 0.02 M. Phage /\c147 was added three minutes later at
a MOI of 7. 3H-labelled uridine, 0.5 mCi, was added
after 15 minutes of phage infection. 3H-uridine
incorporation lasted for five mintues and was terminated
by pouring the culture onto 5 ml frozen M9b in a beaker
placed in an ice bath. Chilled, phage-infected cells
were spun down in a corex tube and resuspended in 2 ml
TES buffer. SDS was added to a final concentration of
1%. The suspension was frozen in liquid nitrogen and
thawed three times. It was then heated for three
minutes in a boiling water bath so that the cells lysed
completely. Equal volume of water-saturated phenol was
added. Extraction at 67°C was followed by centri-
fugation and three further re-extraction of the aqueous
layer. The sample was then subjected to different
treatments according to the following scheme:-
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1. 0.4 ml of the sample was taken out and named
preparation 1.
2. 1.0 ml of the sample was frozen at -20°C and
thawed slowly in an ice bath the phenol
droplets were rolled and sucked away. The
sample was named preparation 2.
3. The remaining sample was frozen in a salt-ice bat
and thawed by centrifugation using a SS 34 rotor,
Sorval RC2B, 5000 rpm for 10 minutes at 2°C.
A large phenol droplet was found attaching to
the wall of the centrifuge tube. It may exist
in liquid or solid state depending on whether
the aqueous layer is cold enough. Usually,
besides the phenol droplet, co-precipitation
of whitish pellet resembling the deoxyribonucleo-
protein substance that exists in the water-
phenol interface in phenol extraction may also
be found. The thawed sample was placed in an
ice bath to prevent the redissolving of phenol.
Aqueous layer was extracted completely by
pasteur pipette. 0.4 ml was taken out and
named preparation 3.
4. Steps 3 was repeated twice to get preparation 4
and 5.
5. Preparation 1 to 5 were used for the measurement
of RNA radioactivity, specific and non-specific
activity in hybridisation.
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DNA strand separation and DNA-RNA hybridisation
Phage ,cI47 DNA was separated into two single-
strands according to Hradecna and Szybalski (1967)
(Fig. 1). 5 x 104 cpm of labelled-RNA was hybridized




Results of different measurements of preparation
1 to 5 are summarized in Table 1.
In this model assay, phage /cI47 is employed. It
neither breaks down the host's DNA nor stops its RNA
synthesis after infection (Sly et al., 1965 Cohen and
Chang, 1970). On this occasion, a large amount of host
DNA and labelled host RNA exist and provide a strict
check on the validity of the method.
In Table 1, one can see that three repeated
entrifugation reduces the non-specific RNA activity to
one-tenth of the original and gives a background 0.3%
)f the input. This is much superior to the phenol
:oiling method developed by W. Szybalski. By the latter
nethod, the non-specific RNA activity has only reduced
17%.. Therefore, the multistep hybridisation techniques
.lave to be developed to overcome the problem (BOvre and
Dzybalski, 1971 Mark, 1973). On the other hand, the
thawing by centrifugation method can achieve an even
higher efficiency if one works on phage such as T7 which
degrades the host's nucleid acids after infection (Studier
1972 Schweiger et al., 1975 Kruger and Schroeder, 1981)
When using phage T7 as the model, we have found that
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the non-specific activity after hybridisation treatments
drops to about 70 cpm. This is similar to the radio-
activity on the blank filter.
RNA that has undergone successive hybridisations
show decrease in specific activity. This is reasonable
as freeze-thaw and centrifugation are quite drastic
treatments. RNA may degrade into fragments which make
it more vulnerable to attack by RNase treatment in the
process of hybridisation. However, an optimum RNA
preparation with high specific activity may be obtained
satisfactorily if treated with freeze thaw and centre
fohation ywice or thrice
As a conclusion, the repeated thawing by centri-
fugation for DNA and phenol removal is useful for m-RNA
preparation. This method is especially recommended when
the m-RNA under study belongs to the minor class so that
the hybridisation results would not be interferred by
the high non-specific count owning to the contaminated
DNA.
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Fig. 1. The fractionation of single-stranded DNA
from ,c147.
cI47 phage DNA was released from phage,
denatured, and combined with poly (U, G)
as described in Hradecna and Szybalski
(1967). The DNA strands are separated in
CsC1 gradient and fractionated by a
fractionator. The first peak is the
r-strand and the second peak is the
1-strand, the shaded area indicated
fractions for the r- and 1-strand
preparation.
1.20
r strand : 29-31
I strand : 34-37























1 5116.7 4888.7 1799.8 100.0 3088.9 100.0
3.6
2 5659.9 4659.1 1497.7 83.2
3161.4 102.3 3.0
3 5104.5 3361.9 599.4 33.3 2762.5 89.4 1.2
4 5601.2 3041.0 303.5 16.9 2737.5 88.6 0.6
5 5680.6 2449.3 167.7 9.3 2281.6 73.9 0.3
3
H-uridine input for RNA labelling: 0.5 mCi (1 x 10 8 cpm)
3
H-RNA input for hybridisation: 5 x 10
4
cpm
Radioactivity on blank filter: 61.7 cpm




radioactivity input for hybridisation
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